The anaesthetic interactions of the steroid, 3α-hydroxy-5β-pregnan-20-one, in male rats were investigated in different fixed binary combinations with the steroid allopregnanolone (3α-hydroxy-5α-pregnan-20-one), two barbiturates (thiopental and hexobarbital) and the benzodiazepine, flurazepam. Anaesthetic effects were determined using an EEG threshold method. Interactions were assessed using an isobolographic method. The interaction between the two steroids, pregnanolone and allopregnanolone, showed an anaesthetic effect significantly less than additive (antagonistic). The interactions between pregnanolone and the two barbiturates and the benzodiazepine showed an anaesthetic effect significantly greater than additive (potentiation) in all tests performed. These results could be explained by a pharmacodynamic interaction at the hypothetical GABA-benzodiazepine-barbiturate-steroid complex in the CNS. It has been known for more than 50 yr that some steroid metabolites produce depression of the central nervous system. 1 These effects are rapid in onset and further research has established theories that these effects are mediated by a non-genomic and specific interaction with the brain's major inhibitory receptor system, the GABA A receptor complex. 2 3 Activation of GABA A receptors produces either hyperpolarization or depolarization of neurones resulting in presynaptic or postsynaptic inhibition. 4 Both natural and synthetic steroids, such as allopregnanolone (3α-hydroxy-5α-pregnan-20-one) and alphaxalone (3α-hydroxy-5α-pregnane-11,20-dione) have been shown to allosterically augment GABA A receptor mediated Cl ion conductance. 5 6 It has also been shown that both allopregnanolone and pregnanolone (3α-hydroxy-5β-pregnan-20-one) are six to seven times more potent as anaesthetics as the barbiturate thiopental when tested using an EEG threshold method in male rats. 7 These observations, and research which shows that several steroids, including allopregnanolone, are synthesized in rat and human brain, 8 9 have prompted speculations that some of the 3α-OH steroids could be endogenous modulators of the GABA A receptor complex. However, more non-specific, non-genomic mechanisms are not auto-© British Journal of Anaesthesia matically excluded when a new hypothesis on the mechanism(s) of action of anaesthetics is proposed. [10] [11] [12] The activity of the GABA A receptor complex can also be modified by barbiturates and benzodiazepines in a manner similar to that of steroids. 13 In most of these investigations, interactions between different drugs within the GABA receptor system were studied using in vitro techniques where there is direct control of the concentrations involved. However, there are few studies which have conducted in vivo interactions in a similar manner, presumably because of technical difficulties. These difficulties could be circumvented partially using a threshold technique developed in our laboratory [14] [15] [16] which uses EEG burst suppression as an objective criterion of effect in the brain. In a series of experiments with this in vivo technique, it has been possible to show that the pattern of the interaction between barbiturates and benzodiazepines is dependent on the binary ratio between the drugs tested. 14 15 17 These results could be interpreted as a complex action at the GABA A receptor.
It has been known for more than 50 yr that some steroid metabolites produce depression of the central nervous system. 1 These effects are rapid in onset and further research has established theories that these effects are mediated by a non-genomic and specific interaction with the brain's major inhibitory receptor system, the GABA A receptor complex. 2 3 Activation of GABA A receptors produces either hyperpolarization or depolarization of neurones resulting in presynaptic or postsynaptic inhibition. 4 Both natural and synthetic steroids, such as allopregnanolone (3α-hydroxy-5α-pregnan-20-one) and alphaxalone (3α-hydroxy-5α-pregnane-11,20-dione) have been shown to allosterically augment GABA A receptor mediated Cl ion conductance. 5 6 It has also been shown that both allopregnanolone and pregnanolone (3α-hydroxy-5β-pregnan-20-one) are six to seven times more potent as anaesthetics as the barbiturate thiopental when tested using an EEG threshold method in male rats. 7 These observations, and research which shows that several steroids, including allopregnanolone, are synthesized in rat and human brain, 8 9 have prompted speculations that some of the 3α-OH steroids could be endogenous modulators of the GABA A receptor complex. However, more non-specific, non-genomic mechanisms are not auto-© British Journal of Anaesthesia matically excluded when a new hypothesis on the mechanism(s) of action of anaesthetics is proposed. [10] [11] [12] The activity of the GABA A receptor complex can also be modified by barbiturates and benzodiazepines in a manner similar to that of steroids. 13 In most of these investigations, interactions between different drugs within the GABA receptor system were studied using in vitro techniques where there is direct control of the concentrations involved. However, there are few studies which have conducted in vivo interactions in a similar manner, presumably because of technical difficulties. These difficulties could be circumvented partially using a threshold technique developed in our laboratory [14] [15] [16] which uses EEG burst suppression as an objective criterion of effect in the brain. In a series of experiments with this in vivo technique, it has been possible to show that the pattern of the interaction between barbiturates and benzodiazepines is dependent on the binary ratio between the drugs tested. 14 15 17 These results could be interpreted as a complex action at the GABA A receptor.
As the steroid pregnanolone is one of the most potent anaesthetics evaluated using the EEG threshold method, 15 we decided to use this steroid as the base substance in an extensive interaction study. Pregnanolone was combined in fixed binary combinations with the steroid allopregnanolone, the barbiturates thiopental and hexobarbital, and with the benzodiazepine flurazepam.
Material and methods

Animals
Male Sprague-Dawley rats (Mol:SPRD Han, Møllegard, Li, Skensved, Denmark) were used in all experiments. The rats, three in each cage, were housed in an animal room with a constant temperature of 24°C and artificial light, with an inverted 12-h dark-light schedule. The light was turned off at 07:00. The rats had free access to food and water. All tests were performed during the dark period.
EEG threshold method
The anaesthetic effects of the different drugs, tested separately or in fixed mixtures, were determined using an EEG threshold method where a well defined EEG criterion is used as an end-point. This method has been described in detail previously. 14 15 17 18 In all tests the drugs were infused in the marginal veins of the tail. The infusion rate of the drugs, defined as a dose rate (mg kg -1 min -1 ) differed in the different tests. In the individual tests, the drugs were always infused at a constant dose rate and in a fixed ratio ( Table 1) . The EEG was recorded continuously from subcutaneous stainless steel sutures used as electrodes in a bifrontal configuration on the head of the rat. The infusion was stopped immediately when a burst suppression of 1 s or more was seen on the EEG (the 'silent second'). The time and dose of drug (threshold dose) needed to obtain the EEG criterion were determined. The individual infusion rates in the different tests are shown in Table 1 . In tests A and E, the two tested drugs were infused separately at their optimal infusion rate. The optimal infusion rate is the rate where the threshold dose needed to induce the 'silent second' has a minimum. 7 17-19 In the remaining tests (B to D, Table 1 ), part (in percent) of the optimal infusion rate of one drug was substituted by a corresponding part (percent) of the other drug.
Isobolographic method
The isobolographic method was used to characterize the type of interaction. 20 21 As our method records directly the dose of drug needed to obtain a well defined anaesthetic end-point, with the effect directly measured from the target organ, it is suitable for interaction studies between different drugs with anaesthetic effects. The anaesthetic end-point in our study was the 'silent second'. When constructing the isobolograms, the mean doses (as 100%) of the two drugs needed to obtain the end-point when tested separately were determined. These values were plotted on the abscissa and ordinate, respectively. The straight line connecting these two experimental points is the additive isobole (termed the additive line). As fixed mixtures of dose rates were tested (see Table 1 ) the data obtained from each tested mixture fall along a straight line which originates in origo (see Fig. 1A ). This is the line of identical ratio (IR line). The IR line has a slope determined by the ratio of the individual dose rates of the two participating drugs. This means that conventional statistical methods can be used to calculate different statistical variables along the IR line. 16 17 The isobole for the interaction is the line which connects all average values recorded along different IR lines. Data falling above the additive line indicates a less than additive anaesthetic effect (antagonistic). Data falling below the additive line indicates a greater than additive anaesthetic effect (potentiation). The additive line has an error determined by the errors inherent in the experimental points on the abscissa and ordinate. 17 In the analyses of the interaction, Data falling below the additive line indicates an anaesthetic effect greater than additive (potentiation). For more details on the doses and number of participating rats in each test, see Table 1 .
the difference between the experimentally determined average value on the IR line and the value obtained by the intersection between the IR line and the additive line is of interest. When testing such differences, the one-tailed t test was used. n denotes number of animals in each test.
Anaesthesia time
Anaesthesia times were determined by placing the rats on automatic recording beds 22 kept in separate cages at a room temperature of 30°C. Anaesthesia time is defined as the period between the appearance of the first 'silent second' in the EEG and the time when the rats recovered their righting reflex to such an extent that they fell off the recording beds.
Drugs
Pregnanolone (3α-hydroxy-5β-pregnan-20-one) and allopregnanolone (3α-hydroxy-5α-pregnan-20-one) were dissolved in an emulsion formulated by KABI Vitrum, Sweden, containing mainly soybean oil and emulsified in a similar manner as Intralipid and Diazemuls. 23 The emulsion contained 4 mg ml -1 of steroid. All emulsions were kindly 733 provided by KABI Vitrum. Thiopental and hexobarbital were obtained from commercial sources and used as aqueous solutions of their sodium salts, and all doses in the text are calculated as such. Flurazepam dihydrochloride was kindly supplied by Roche Laboratory, Sweden, and all doses in the text are calculated as its chloride salt.
Experiment 1
In experiment 1, the interaction between pregnanolone and allopregnanolone was studied. We used a group of 23 rats (aged approximately 110 days, mean weight 400 (SEM 3) g). The different infusion rates of allopregnanolone and pregnanolone are shown in Table 1 . When the substances were tested alone, their optimal infusion rates were used. 7 The rats were allocated randomly to the different tests. All tests were performed on the same day. Because of the limited amount of allopregnanolone available, only three rats were used in test B (Table 1) .
Experiment 2
In experiment 2, the interaction between pregnanolone and thiopental was studied. We used a group of 37 rats (aged approximately 125 days, mean weight 415 (SEM 3) g). The different infusion rates of pregnanolone and thiopental are shown in Table 1 . When the substances were tested alone, their optimal infusion rates were used. 7 19 The rats were allocated randomly to the different tests. The tests were performed on 2 consecutive days and no rat participated in more than one threshold determination.
Experiment 3
In experiment 3, the interaction between pregnanolone and hexobarbital was studied. We used a group of 32 rats (aged approximately 135 days, mean weight 420 (SEM 5) g). The infusion rates of pregnanolone and hexobarbital are shown in Table 1 . When the substances were tested alone, their optimal infusion rates were used. 7 19 The rats were allocated randomly to the different tests. Two rats participated in two different threshold determinations with an interval of at least 10 days.
Experiment 4
In experiment 4, the interaction between pregnanolone and flurazepam was studied. We used a group of 21 rats (aged approximately 105 days, mean weight 395 (SEM 3) g). The different infusion rates of pregnanolone and flurazepam are shown in Table 1 . When the substances were tested alone, their optimal infusion rates were used. 7 18 The rats were allocated randomly to the different tests. The experiment was divided into two parts (tests C, D, E and tests A, B).
The time between the two parts was 9 days. Twenty rats participated in tests C, D and E. Thirteen of these rats participated in tests A and B.
Results
The isobologram for the interaction between pregnanolone and allopregnanolone is shown in Figure 1A . The isobole for the interaction showed a significant deviation above the additive line in tests C (PϽ0.01) and D (PϽ0.05), indicating a less than additive anaesthetic effect (antagonistic interaction).
The isobolograms for pregnanolone and the two barbiturates (thiopental and hexobarbital) and the benzodiazepine flurazepam (Fig. 1B, C, D) were very similar in appearance. The isoboles for these experiments showed a significant deviation below the additive line (PϽ0.001), indicating a greater than additive anaesthetic effect (potentiation).
A central excitatory action observed earlier in our laboratory with pregnanolone and allopregnanolone was seen as jerks during the infusion 7 in all tests in experiment 1. Rats with jerks were most frequently seen in tests A and E (Table 1) where allopregnanolone and pregnanolone were infused separately at their optimal infusion rates. In tests B, C and D, there was only one rat with jerks. In experiments 2, 3 and 4, there were jerks only in test E when pregnanolone was tested alone. No jerks were noted when pregnanolone was tested in combination with thiopental, hexobarbital or flurazepam.
The excitatory action observed previously with flurazepam and seen as short episodes with convulsions during induction of anaesthesia using the EEG threshold method 18 was seen in all rats in experiment 4 when flurazepam was tested separately at the optimal infusion rate (test A, Fig.  1D ). These episodes of convulsions were seen during the later part of the infusion and were characterized by a short period of clonic fore and hindlimb seizures terminated by a period of tonic extensor spasm. The EEG criterion was seen in close relation to these episodes. No convulsions were seen when flurazepam was mixed with pregnanolone (tests B, C and D; Table 1 ).
The ensuing anaesthesia times after induction of 'silent second' in experiments 1-4 are shown in Figure 2A -D. Anaesthesia times varied between 11 min (hexobarbital, test A, Fig. 2C ) and 57 min (thiopental, test A, Fig. 2B ) when the different anaesthetic agents were tested separately. These values corresponded to values obtained previously in other experiments using the same method. 7 18 19 The pattern of changes in anaesthesia times after the different mixtures used in experiments 1-4 varied considerably ( Fig. 2A-D) . In experiment 1, anaesthesia times in the tests of interactions (tests B, C and D, Fig. 2A ) were short and almost the same as the anaesthesia time when allopregnanolone was tested separately (test A, Fig. 2A) . Pregnanolone alone caused a substantial increase in anaesthesia time (test E, Fig. 2A ). In experiment 2 (Fig. 2B ), when pregnanolone was tested together with thiopental, the shortest anaesthesia time was seen in test C where the infusion rates were half of the optimal infusion rate for both drugs. In experiment 3 (Fig. 2C ), where pregnanolone was tested together with hexobarbital, a gradual increase in anaesthesia time was seen from test A with hexobarbital alone to test E with pregnanolone alone. In experiment 4 ( Fig. 2D) , where the interaction between pregnanolone and flurazepam was tested, there were only marginal changes in anaesthesia times between the different tests. However, reliable results with flurazepam used separately were difficult to obtain as convulsions were also seen during the following anaesthesia time.
Discussion
The main problem with interaction studies between different anaesthetic agents is how best to define the anaesthetic effects when the test substances are given separately or in different fixed mixtures. The EEG threshold dose used in this study has several advantages in interaction studies compared with more conventional criteria such as duration of loss of the righting reflex 24 or the time between injection of a test dose and loss of the righting reflex. 25 As different anaesthetics induce similar EEG changes during induction of anaesthesia, a well defined EEG criterion is a more direct and useful measure which has the advantage of a duration restricted only to the time needed for induction. A series of interaction studies between anaesthetics in different fixed binary mixtures have been performed previously in our laboratory between hexobarbital-thiopental, hexobarbital-flurazepam, thiopental-flurazepam and the steric isomers of hexobarbital. [16] [17] [18] The different types of interactions recorded in our study (experiments 1-4) and in previous studies show that the ratio between the anaesthetics in a binary mixture are of great importance. A change in the type of interaction could result if the ratio between the tested drugs is changed systematically. This implies that several tests must be performed to evaluate the combined anaesthetic effect and that no generalized conclusions can be drawn on untested combinations. 21 Furthermore, this could also mean that if a variable with a duration in time is used where the two tested drugs have different half-lives, the ratio between them changes during the test period. This makes interpretation of such results difficult.
The investigation performed by Gyermek, Iriartre and Crabbé in 1968 26 on the structure-activity of several steroids as hypnotics showed that two of the most active steroids were pregnanolone and allopregnanolone. The anaesthetic potencies of these two steroids, determined previously using the EEG threshold method, 7 were six and seven times more potent as anaesthetics as the barbiturate thiopental and twice as potent as propofol. 27 When allopregnanolone and pregnanolone were infused together in fixed mixtures (tests B-D, experiment 1, Table 1 ) significantly more of the combined drugs were needed than predicted from the pure 735 theoretical additive interaction (tests C and D, Fig. 1A ). The mechanism(s) responsible for this type of interaction is speculative. The steroids are stereoisomers, that is they have the same chemical structure but a different configuration. They have similar optimal infusion rates ( Table 1) and lipophillic properties. Furthermore, both pregnanolones are bound only to albumin which has a high capacity but low affinity. 28 It has also been shown that the brain has a high first-pass extraction of albumin-bound steroids and that the albumin-bound fraction is available for transport into brain tissue. There are no indications that 5-alpha and 5-beta pregnanolone would differ in brain extraction kinetics. 29 30 This implies that the type of interaction is probably not a result of differences in penetration rate from the blood to the CNS. Both steroids are also believed to act at the GABA A receptor system. The lesser anaesthetic effect of the combination (tests C and D, Fig. 1A ) could possibly be because the GABA A receptor complex contains more than one site of action for the steroids or that different subtypes of GABA A receptors are involved. Another explanation could be the mechanism responsible for the excitatory action on the CNS of both steroids seen as jerks during induction of anaesthesia (experiment 1, Table 1 ).
The results of the interaction studies between pregnanolone and thiopental or hexobarbital, respectively, were similar in all tests and the anaesthetic effect was in all cases significantly more powerful than an additive interaction (Fig.  1B, C) . The pregnanolone-flurazepam interaction (Fig. 1D) showed similar results but the magnitude of the anaesthetic effect seemed to decrease with increasing admixture of flurazepam which could be a result of the known excitatory action of flurazepam on the CNS. 18 31 32 A similar strong interaction has been shown between flurazepam, in low admixtures, and thiopental and hexobarbital. 18 The convulsive action of flurazepam when tested alone during induction of anaesthesia (test E, experiment 4) was not seen when pregnanolone and flurazepam were combined (tests B, C and D, experiment 4, Fig. 2D ). This could be because of a reduced amount of flurazepam in these tests compared with test E. However, a more probably explanation is that pregnanolone is a potent anticonvulsant in this system. These results are similar to those obtained when flurazepam was tested together with thiopental or hexobarbital. 18 The high potency and rapid onset of anaesthesia (within minutes, see Table 1 ) of allopregnanolone and pregnanolone suggest that the anaesthetic effect is mediated by mechanisms other than the 'classical' intracellular steroid receptor pathway. 12 One alternative is specific structures on the neuronal membrane. The discovery of steroid receptor sites on the GABA A receptor complex and the ability of 3α-OH-steroids to potentiate Cl -conductance have prompted speculation that some of the effects of these steroids on the CNS are mediated by allosteric modulation of GABA A receptors. 12 33-35 Previous studies have also suggested the existence of different active sites for both barbiturates and benzodiazepines on the GABA A receptor. From these sites they are able to enhance the activation of GABA A receptors which could underlie their sedativehypnotic and anaesthetic actions. The similarity in anaesthetic effect when pregnanolone-flurazepam, pregnanolonethiopental and pregnanolone-hexobarbital were tested in different binary combinations (Fig. 1B, C, D) could be a result of activity within this complex GABA A -benzodiazepinebarbiturate-steroid system.
The problem with assessing the duration of loss of the righting reflex as a measure of anaesthetic effect in interaction studies was well illustrated. There were several differences when comparing the anaesthesia times in each test ( Fig. 2A-D) with the corresponding anaesthetic effects shown by the isobolograms (Fig. 1A-D) . In our system, test substances with similar anaesthesia times when tested alone were expected to show similar anaesthesia times when tested in binary mixtures. This is based on the fact that both the criterion used for induction of anaesthesia (the 'silent second') and the criterion of recovery from anaesthesia (righting reflex) are probably closely related phenomena where differences in sensitivity are accounted for by the changes in the difference in doses used for induction of the criterion. An example of this is shown in experiment 4 where anaesthesia times (Fig. 2D) were similar, despite a marked deviation of the isobole (Fig. 1D) experiment 4) , no convulsions were seen but this anticonvulsive effect of pregnanolone had no effect on anaesthesia time. Furthermore, the excitatory action of pregnanolone seen as jerks (Table 1 , test E, all experiments) was not observed in the combinations with flurazepam. Thus in experiment 4 it is clear that this excitatory component during induction of the EEG criterion did not substantially change the time of return of the righting reflex. In a similar manner, substances with significantly different anaesthesia times are expected to show a continuous increase/decrease when tested in fixed combinations. An example of this is shown in experiment 3 where anaesthesia times increased from test A to test E (Fig. 2C) . However, this simple explanation could not be used for the anaesthesia times in experiments 1 and 2 ( Fig.  2A-B) . In experiment 1, anaesthesia times in tests B, C and D were different compared with the anaesthesia time in test A where allopregnanolone was tested alone. In test E, where pregnanolone was tested separately, there was a substantial increase in anaesthesia time. In experiment 2, where anaesthesia times in tests A and E differed significantly, the shortest anaesthesia time was obtained in test C where thiopental and pregnanolone were infused at half the optimal infusion rate (Table 1) . This is the only experiment in which substantial potentiation during induction (Fig. 1B) resulted in a corresponding decrease in anaesthesia time. As the effect of thiopental could be terminated by redistribution 36 the time needed for this process to reduce the concentration in the CNS would directly govern the duration of the effect. A strong potentiation (Fig. 1B) would mean a substantially reduced concentration at the end of the infusion with a corresponding reduction in the time needed for redistribution, which could explain the minimum seen in test C (Fig. 2B) .
The hypothetical GABA A -benzodiazepine-barbituratesteroid complex may be used to explain some of our results as these drugs are known to exert some of their pharmacological effects by facilitating GABA A ergic transmission. Reports in the literature indicate that some steroids may act as modulators of the GABA A receptor-ionophore complex by facilitating the inhibitory action of GABA. 13 37 38 Both alphaxalone and pentobarbital have been shown to share a common mode of action on the GABA A system. 39 Some steroids were also capable of increasing the binding of the benzodiazepine flunitrazepam. 37 Thus there are several possible mechanisms which could explain the interaction pattern between different anaesthetic drugs. However, it must be stated that the possibility of involvement of GABA A receptors or other specific receptors does not exclude other mechanisms of action, such as the classical Meyer-Overton theory, which is expressed in a more modern version by Seeman, 10 or the involvement of other transmitter substances. 40 
